Calculation of the HOMO localization of Tetrahymena and Oxytricha telomeric quadruplex DNA  by Morikawa, Masayuki et al.
Bioorganic & Medicinal Chemistry Letters 25 (2015) 3359–3362Contents lists available at ScienceDirect
Bioorganic & Medicinal Chemistry Letters
journal homepage: www.elsevier .com/ locate/bmclCalculation of the HOMO localization of Tetrahymena and Oxytricha
telomeric quadruplex DNAhttp://dx.doi.org/10.1016/j.bmcl.2015.05.050
0960-894X/ 2015 Elsevier Ltd. All rights reserved.
⇑ Corresponding author. Tel.: +81 87 899 7463; fax: +81 87 894 0181.
E-mail address: kkino@kph.bunri-u.ac.jp (K. Kino).Masayuki Morikawa a, Katsuhito Kino a,⇑, Takanori Oyoshi b, Masayo Suzuki a, Takanobu Kobayashi a,
Hiroshi Miyazawa a
aKagawa School of Pharmaceutical Sciences, Tokushima Bunri University, 1314-1 Shido, Sanuki, Kagawa 769-2193, Japan
b Faculty of Science, Department of Chemistry, Shizuoka University, 836 Ohya, Suruga, Shizuoka 422-8529, Japan
a r t i c l e i n f o a b s t r a c tArticle history:
Received 12 March 2015
Revised 16 May 2015
Accepted 19 May 2015
Available online 28 May 2015
Keywords:
DNA damage
G-quadruplexes
PhotooxidationSeveral guanine-rich sequences exist in many important regions, such as telomeres, and these sequences
can form quadruplex DNA structures. It was previously reported that 30-guanines are mainly oxidized in
the Tetrahymena and Oxytricha telomeric quadruplex DNA, d(TGGGGT)4, and 50-guanines are mainly oxi-
dized in the human telomeric quadruplex DNA, d(TAGGGT)4T. We speculated that the differences in site
reactivity between d(TGGGGT)4 and d(TAGGGT)4T are induced by the localization of the HOMO. The
HOMOs of the possible quadruplex structures were thus determined and the results showed that the
HOMOs of d(TGGGGT)4 +3K+ and d(TAGGGT)4T +2K+ localized at the 50-guanine, and that the HOMO
shifted from the 50-guanine to the 30-guanine by the addition of a 50-capping cation. Furthermore, we
determined the inﬂuence of the cation and demonstrated that localization of the HOMO at the G-quartet
plane located immediately adjacent to the cation is disfavored. The calculated HOMO localization of
d(TGGGGT)4 +4K+ and d(TAGGGT)4T +2K+ matched the experimental results and suggest that
d(TGGGGT)4 contains a 50-capping cation in solution.
 2015 Elsevier Ltd. All rights reserved.The oxidation potentials for guanine, adenine, cytosine, and
thymine are 1.29, 1.42, 1.6, and 1.7 V, respectively,1 making gua-
nine the most easily oxidized of the DNA bases, and guanine can
form several oxidation products.2–16 The 50-guanine in contiguous
guanine sequences, such as GG and GGG, in double-stranded DNA
has a lower redox potential than single guanine sequences, and the
oxidation of the 50-guanine depends on the localization of the high-
est occupied molecular orbital (HOMO).2,3,17
Guanine-rich sequences exist in many important genomic
regions, such as telomeres, and these sequences can fold into
quadruplex structures.18–20 We recently showed that the forma-
tion of quadruplex structures changed the site reactivity and the
types of guanine photooxidation products, and that the site reac-
tivity of guanine also depends on the HOMO localization in
quadruplex DNA.21 For example, unlike double-stranded
d(TGGGGT)/d(ACCCCA), 30-guanine was mainly oxidized in
quadruplex d(TGGGGT)4 (Fig. 1a),21,22 and 50-guanine was mainly
oxidized in another quadruplex DNA, d(TAGGGT)4T (Fig. 2a).23
Both d(TGGGGT)4 and d(TAGGGT)4T can fold into parallel-stranded
quadruplexes, and both oxidations were mediated by riboﬂavinunder UVA irradiation. Quadruplex d(TGGGGT)4 is a Tetrahymena
and Oxytricha telomeric quadruplex containing four G-quartet
planes,18,19,24–27 and quadruplex d(TAGGGT)4T is a human telom-
eric quadruplex containing three G-quartet planes.20,28 We specu-
lated that the difference in the structures of these quadruplexes
gives rise to different HOMO localization/site reactivity in guanine;
to verify this, in this study, we calculated the HOMOs of quadru-
plex d(TGGGGT)4 and d(TAGGGT)4T as follows.
d(TGGGGT)4 +3K+ was detected in our previous mass spectrom-
etry analysis.21 The HOMO of d(TGGGGT)4 +3K+, depicted in
Figure 1b, was determined at the B3LYP/6-31G⁄ levels29 and
showed that the HOMO was localized at the 50-guanine (Fig. 1b),
a result inconsistent with experimental results.21 Hence, we sug-
gested another possible quadruplex structure, d(TGGGGT)4 +4K+
(Fig. 1c), and found that the HOMO of d(TGGGGT)4 +4K+ shown
in Figure 1c shifted to the 30-guanine, consistent with experimental
results and explaining the speciﬁc oxidation of 30-guanine.
A capping potassium cation is present at the 50 end of
d(TGGGGT)4 +4K+ (Fig. 1c). This structure was supported by the fol-
lowing considerations. (i) Previous studies proposed that the sta-
bility of the capping potassium cation might be higher than that
in bulk water.30,31 (ii) Several X-ray crystallographic structures of
d[(TGGGGT)4]2 +7K+ have been determined (PDB:1S45, 2GW0,
204F),25–27 and 50-50 stacked dimeric quadruplexes containing a
Figure 1. The HOMO of d(TGGGGT)4. HOMOs were calculated at the B3LYP/6-31G⁄ levels. (a) 30-guanine was mainly oxidized in quadruplex d(TGGGGT)4.21,22 (b) d(TGGGGT)4
+3K+ (c) d(TGGGGT)4 +4K+, reproduced from Ref. 21 Reproduced by permission of The Royal Society of Chemistry.
Figure 2. The HOMO of d(TAGGGT)4T. HOMOs were calculated at the B3LYP/6-31G⁄ levels. (a) 50-guanine was mainly oxidized in d(TAGGGT)4T.23 (b) d(TAGGGT)4T +2K+ (c)
d(TAGGGT)4T +3K+.
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are no reports of 30-30 or 30-50 stacked dimeric quadruplexes, sug-
gesting that the removal of d(TGGGGT)4 +3K+ from a dimeric
quadruplex, d[(TGGGGT)4]2 +7K+, can result in the formation of
d(TGGGGT)4 +4K+. (iii) Our previous mass spectrometry analysis21
showed the relative intensity ratio of d(TGGGGT)4 +4K+,
d(TGGGGT)4 +5K+ and d(TGGGGT)4 +6K+ to d(TGGGGT)4 +3K+ to
be 0.81, 0.29 and 0.18, respectively. The relative intensity of
d(TGGGGT)4 +4K+ was slightly smaller than that of d(TGGGGT)4
+3K+ and was more than double that of d(TGGGGT)4 +5K+, thus
suggesting the presence of d(TGGGGT)4 +4K+.
Two possible structures of quadruplex d(TAGGGT)4T were con-
structed similar to d(TGGGGT)4 from the X-ray crystallographic
structure of telomeric sequences (PDB: 1KF1)20 and are shown in
Figure 2. The HOMO localization of d(TAGGGT)4T +2K+ and
d(TAGGGT)4T +3K+ was determined at the B3LYP/6-31G⁄ levels.29
The HOMO of d(TAGGGT)4T +2K+, shown in Figure 2b, was local-
ized at the 50 end of the quadruplex DNA whereas the HOMO of
d(TAGGGT)4T +3K+, shown in Figure 2c, was localized at the 30
end of the quadruplex DNA. In Figure 2, HOMO localization on
the 50 end was obtained in the absence of a 50-capping cation; in
the presence of a 50-capping cation, the HOMO shifted to the 30
end. Interestingly, the shift of the HOMO in Figure 2 was similar
to that in Figure 1. Thus, localization of the HOMO could depend
on the 50-capping cation. We predicted that other cations also
affect HOMO localization in quadruplex DNA.
To determine the inﬂuence of cations on HOMO localization, the
four cations were removed from the quadruplex structure +4K+
and the HOMO of the cation-free quadruplex was calculated
(Fig. 3a). Also, the HOMOs of the quadruplex structures following
removal of three cations were calculated and are shown in
Figure 3b–e. For example, Figure 3b shows the structure following
removal of three of the cations, with only the 50-capping cationremaining. Also, the positions of the removed cations are shown
in Figure 3. The ﬁrst, second, third, and fourth G-quartet planes
from the 50 end were deﬁned as the G1, G2, G3 and G4 planes,
respectively (Fig. 3). Figure 3a shows that the HOMO of the
quadruplex structure without cation was primarily localized at
the G3 plane; Figure 3b and c show that the HOMO was also local-
ized at the G3 plane, similar to Figure 3a. In contrast, in
Figure 3d and e, the HOMOs were shifted to the G1 and G2 planes,
respectively. Unlike the cation in Figure 3b or c, the cation in
Figure 3d and e was located next to the G3 plane. When the cation
was located next to the G3 plane, the HOMO32 shifted to a G-quar-
tet plane not located next to a cation. The HOMOs of quadruplex
structures from which one cation or two cations were removed
were calculated and are shown in Figure 3f–m. No cation was
located next to the G3 plane (Nc = 033) in Figure 3f, and the
HOMO remained at the G3 plane, similar to Figure 3a–c. The cation
in Figure 3g–m was located next to the G3 plane (Nc = 1 or 234). In
Figure 3g–k, the HOMO was shifted to a G-quartet plane lacking a
cation (Nc = 0), similar to Figure 3d and e. In contrast, all four G-
quartet planes in Figure 3l and m had an adjacent cation (Nc = 1
or 2). In these cases, the G1 plane in Figure 3l and the G3 plane in
Figure 3m had two adjacent cations (Nc = 2), whereas other G-
quartet planes had one adjacent cation (Nc = 1). The HOMOs in
Figure 3l and m were shifted to the G-quartet plane with the low-
est Nc. Thus, localization of the HOMO32 at the G-quartet plane
located immediately adjacent to the cation is discouraged.
There were 2-4 G-quartet planes lacking an adjacent cation
(Nc = 0) within each quadruplex structure shown in Figure 3a–f;
in contrast, the quadruplex structures in Figure 3g–k had only
one G-quartet plane lacking an adjacent cation (Nc = 0). In the six
cases shown in Figure 3a–f, the order of HOMO localization at
the G-quartet planes without an adjacent cation (Nc = 0) can be
understood from the following considerations: (i) No HOMO was
Figure 3. The inﬂuence of cations on the localization of the HOMO. HOMOs were calculated at the B3LYP/6-31G⁄ levels. The geometries of the stacked bases containing 0–3
cations were constructed, and the localization of the HOMO is shown in (a)–(m). The ﬁrst, second, third, and fourth G-quartet planes from the 50 end were deﬁned as the G1,
G2, G3 and G4 planes, respectively. The number of neighboring cations for each G-quartet plane is shown as Nc, and the lowest Nc values are shown in red. The G-quartet plane
and cations are shown as blue squares and red circles, respectively, in the left panel.
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the G4 plane had the lowest priority. For example, in Figure 3d, the
HOMO was localized at the G1 plane and not at the G4 plane. Also,
in Figure 3c and f, the HOMO was localized at the G3 plane and not
at the G4 plane. (ii) A cation was not located next to either the G1 or
G2 planes in Figure 3e, and the HOMO was localized at the G2
plane. Therefore, the G2 plane was considered to have a higher pri-
ority than the G1 plane. (iii) Figure 3a and b show structures in
which the G2 and G3 planes did not have an adjacent cation
(Nc = 0) and therefore the HOMOs (Fig. 3a and b) were localized
at the G3 plane and the G3 plane was considered to have a higher
priority than the G2 plane.35 Collectively, when the 2-4 G-quartet
planes did not have an adjacent cation (Nc = 0), the HOMO was
localized in the following order: G3 > G2 > G1 > G4 plane.
Similarly, 3 G-quartet planes had an adjacent cation (Nc = 1) as
shown in Figure 3l and m, and these quadruplexes also followed
this order.
We propose that the priority of HOMO localization is inﬂuenced
by the following factors: (i) The cations are slightly displaced in the
30 direction in Figure 3, and this displacement increases as the
cation moves toward the 30 terminus. Therefore, the G4 plane is
likely to be the plane most strongly affected by the cation. (ii)
Since the HOMO in the absence of cation was localized at the G3
plane, HOMOs were likely to be easily localized at the G3 plane
and its neighbor planes.In summary, the HOMOs of d(TGGGGT)4 +3K+ and d(TAGGGT)4T
+2K+ were localized at the 50-guanine (Figs. 1b and 2b). The HOMO
shifted from the 50-guanine to the 30-guanine by addition of a
50-capping cation. Furthermore, we determined the inﬂuence of
the cation and demonstrated that localization of the HOMO at
the G-quartet plane located immediately adjacent to the cation is
discouraged. When the 2-4 G-quartet planes had the lowest num-
ber of adjacent cations, the HOMO was localized in the following
order: G3 > G2 > G1 > G4 plane. Therefore, since the 50-capping
cation was located immediately adjacent to the 50-guanine
(Figs. 1c and 2c), the addition of a 50-capping cation induced
shifting of the HOMOs to the 30-guanine. These calculated HOMO
localizations of d(TGGGGT)4 +4K+ and d(TAGGGT)4T +2K+ were
consistent with experimental results21,23 and suggest that the
Tetrahymena and Oxytricha telomeric quadruplex DNA,
d(TGGGGT)4, contains a 50-capping cation in solution.
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